This study was conducted to evaluate the Indiana "mite-biter" honey bee stock, which has been selected for increased mutilation of Varroa destructor mites ("mite biting" behavior). A comparison between colonies of the selected stock and colonies of unselected Italian bees showed that the proportion of mutilated mites, the severity of mutilations, and winter colony survival were higher in Indiana mite-biter colonies. Additionally, the number of fallen mites and the rate of mite population growth were lower in the colonies of the selected genotype than in those of the unselected genotype. The expression of a gene associated with grooming behavior, AmNrx-1 (neurexin ), was significantly higher in the selected stock. Moreover, AmNrx-1 expression was positively correlated with the proportion of mutilated mites but not with mite population growth. AmNrx-1 may have the potential to be used for marker-assisted selection. This study provides evidence that selection for mite-biting behavior reduces V. destructor infestations, increases colony survival and increases the expression of a grooming behaviorassociated gene.
INTRODUCTION
Studies conducted in Europe and North America have demonstrated that the single most important factor associated with honey bee colony mortality is the mite Varroa destructor (Guzman-Novoa et al. 2010; Le Conte et al. 2010) . Relatively low mite infestation levels can cause severe damages in bees of different genotypes (De Jong 1997; Bowen-Walker and Gunn 2001; Büchler et al. 2014; Reyes-Quintana et al. 2019) . Two bee behavioral traits that restrain V. destructor population growth in colonies are grooming behavior (Rinderer et al. 2010; Arechavaleta-Velasco and Guzmán-Novoa 2001) , the removal of mites from the bees' bodies, and the Varroa sensitive hygiene (VSH) trait, which involves the ability of bees to detect and remove infested brood where V. destructor reproduces (Ibrahim and Spivak 2006; Harbo and Harris 2009 ). Stocks selected for increased VSH by researchers from the United States Department of Agriculture (USDA) have been made available to North American queen breeders (Danka et al. 2011) .
Grooming behavior, however, is difficult to measure because there are no practical assays to test colonies and thus, honey bee stocks selected for this trait are not generally available to queen Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13592-019-00710-y) contains supplementary material, which is available to authorized users. producers. Nevertheless, individual grooming assays have demonstrated that vigorous grooming is important for successful removal of mites from bees , although intense grooming could decrease by V. destructor parasitism (Morfin et al. 2019) . Individual assays were also used in backcrossed bees that were genotyped at over 1000 single nucleotide polymorphisms (SNPs) to identify quantitative trait loci (QTL) associated with this behavior (Arechavaleta-Velasco et al. 2012) . The most significant QTL region in chromosome 5 contained AmNrx-1 , a gene that encodes for neurexin-1, a presynaptic protein involved in synapse differentiation and function (Tabuchi and Südhof 2002) . Individual bees that were vigorous groomers exhibited higher expression of AmNrx-1 compared to bees that groomed lightly or not at all (Hamiduzzaman et al. 2017) . In other species, this gene has been associated with neural disorders such as autism in humans (Kim et al. 2008 ) and auto-grooming in mice (Etherton et al. 2009 ).
One study reported that the proportion of damaged mites (presumably chewed by worker bees) that fall onto sampling sheets is a good indicator of grooming behavior (Andino and Hunt 2011) . This colony trait, referred to as "mite biting," has been used in a breeding program to select for increased V. destructor resistance (Hunt et al. 2016 ). The program is currently carried out by Purdue University's researchers in collaboration with beekeepers from USA Midwest states. In a previous study, the selected stock was compared to commercial Carniolan stocks by beekeepers in the Midwest region. "Mite-biter" colonies had about one-third of the mite levels and higher annual survival rate than Carniolan commercial bees (Hunt et al. 2016) . Additionally, other honey bee stocks selected for low mite population growth have shown significantly lower numbers of fallen mites and higher percentages of injured mites compared to unselected stocks .
The aim of this study was to assess the efficacy of selecting for increased mutilation of V. destructor mites as a tool to breed V. destructor resistant bees and the possible involvement of AmNrx-1 in mite biting behavior. We expanded the evaluation of the Indiana mite-biter stock by comparing it with an Italian commercial genotype for V. destructor mutilations, mite population growth, and winter survival. We also correlated mite population growth and the proportion of mutilated mites with the expression of AmNrx-1 in bees, to assess the value of this gene as a potential marker of V. destructor resistance.
MATERIALS AND METHODS

Colonies
An apiary with 36 colonies was established in West Lafayette, IN, USA. Half of the colonies were headed by sister queens from the stock selected for increased mutilation of V. destructor mites, or Indiana mite-biter, and half were headed by sister queens from unselected Italian bees. The Indiana mite-biter queens were reared from the selected stock established in 1997 at Purdue University, which initially included a queen from VSH stock and two Russian queens, but the majority of the initial population was from local Indiana queen breeders and feral colonies collected in Indiana and Ohio. The Italian queens used in this study came from a commercial California breeder that did not attempt to select for grooming behavior. The experimental colonies were created by dividing the bee population and brood of colonies into two equal parts. The divisions of the colonies were made on early June 2017. The resulting colonies contained three frames of brood and a frame of honey and pollen, plus the adhering bees to provide a starting population of about 15,000 bees. Since the divided colonies were to remain in the same apiary, emerging brood and combs with nurse bees were preferentially placed in the colony that was to be at a new hive location within the apiary and the colonies were turned around to face the perimeter of the apiary. These measures were taken to minimize drifting and to obtain equal colony populations since most older field bees attempt to return to the original location. A test queen of each type was introduced into each half of each divided colony. The allocation of the queen types to the experimental colonies was done at random. The population of the colonies (number of frames with brood and adult bees) was evaluated as per Delaplane et al. (2013) and was similar between the colonies included in the experiment. All the colonies received the same management throughout the course of the experiment and were not treated for V. destructor control.
2.2. V. destructor infestation levels, biting behavior, and winter survival V. destructor infestation levels and the proportion of damaged ("chewed") mites were determined twice in each colony in July and October 2017. The initial evaluation of the colonies began 24 days after the introduction of queens to the experimental colonies. At this date, the first worker daughters of these queens would have been emerging as adults for just a few days. Three of the Italian colonies dwindled in population and died in September, prior to the fall sampling and were excluded from the analyses. These colonies were highly infested with mites and had bees with deformed wings and signs of brood diseases such as chalk brood and European foulbrood that looked typical of parasitic mite syndrome. V. destructor infestation levels were determined by mite fall onto paper sheets that were lightly covered with vegetable oil and placed underneath screen bottom boards in each hive. To determine the increase in mite population in each colony during 16 weeks, the mite fall count of July was subtracted from the mite fall count of October as per Emsen et al. (2012) . The mites that fell onto the sheets during three days were counted and examined under a stereoscopic microscope (× 15) for missing appendages or mutilated idiosoma. Additionally, the relative severity of the mutilations for each colony was ranked from one to four, based on the average number of bites (missing or partial legs and/or mutilated idiosoma). Lastly, the colonies used in the study were left to overwinter, and the number of colonies that survived was recorded in February 2018. At this time, the experiment was concluded and the beekeeper that donated the bees removed the hives. Previous experiences have shown us that when keeping resistant and susceptible stock in the same apiary, mites from collapsing colonies will infest the survivors and cause them to eventually collapse as well (unpublished data).
RNA extraction, cDNA synthesis, and relative gene expression (qRT-PCR)
Total RNA was extracted from a pool of 30 honey bee heads per colony, from the 33 colonies . The efficiencies of the target and reference genes were determined based on the standard curves of known concentration of 300 bp synthetic gene fragments (Integrated DNA Technologies, IA, USA). The PCR reactions were done in a final volume of 20 μl with primer concentrations per reaction of 200 nM for the reference gene, AmGAPD2 , and 400 nM for the target gene, AmNrx-1 . The cycling protocol consisted of one cycle at 50°C for 2 min, one at 95°C for 10 min, and then 40 cycles at 95°C for 15 s and 60°C for 60 s. AmGAPD2 was amplified with the primers used by Thompson et al. (2007) , and AmNrx-1 was amplified using the primers 5′ C T G C T T C G A G C G A C G A C TAT a n d 5 ′ ACGACCGGATGGATGATTGG, designed for this study using Primer-BLAST (National Centre for Biotechnology Information, US National Library of Medicine), which amplified a PCR product of 212 bp (positions 3554-3765; GenBank accession no. FJ580046.1). The 2 -ΔΔ (Livak) method (Livak and Schmittgen 2001) was used to calculate AmNrx-1 relative expression and fold difference for Italian and Indiana mite-biter bees.
Statistical analyses
The data on the proportion of chewed mites were subjected to Shapiro-Wilk tests and arcsinesquare root transformed because they did not comply with the assumption of normality. Then, the data from both genotypes were compared with a Student t test (α = 0.05). To compare genotypes for mite fall as well as for V. destructor population growth (number of mites fallen in October minus number of mites fallen in July), the data were subjected to Wilcoxon signed-rank test (α = 0.05) as it did not follow a normal distribution. A Wilcoxon signed-rank test (α of 0.05) was also used to compare the genotypes for severity of mite mutilation. The AmNrx-1 expression data were subjected to a Shapiro-Wilk test, and subsequently, square-root transformed because they were not normally distributed. Then the data from both genotypes were compared with a Student t test (α = 0.05). In addition, tests for differences in AmNrx-1 expression between the 15 Italian colonies and between the 18 Indiana mite-biter colonies were performed using one-way ANOVAs and Fisher LSD tests (α of 0.05). Spearman rank correlation analyses (α of 0.05) were conducted to determine relationships between the proportion of mutilated mites and AmNrx-1 expression, and between mite population growth and AmNrx-1 expression. All statistical analyses were performed using R, version 3.4.3© (The R Foundation for Statistical Computing 2014).
RESULTS
The overall proportion of mutilated mites from the Indiana mite-biter colonies was significantly higher than that from the Italian colonies (t (31) = − 4.34, p < 0.0001; Figure 1 ) and there were no differences in the proportion of mutilated mites collected from colonies of both genotypes between the sampling dates (t (34) = 0, p = 1.0, t (29) = − 0.20, p = 0.84, respectively). Additionally, the scores for severity of mite mutilation were significantly higher for the Indiana mite-biter colonies than for the Italian bee colonies (Z = − 4.14, p < 0.0001; Figure 2 ).
V. destructor populations grew significantly more in the Italian bee colonies (310.66 ± 42.23) than in the Indiana mite-biter colonies (106.88 ± 15.75) (Z = − 3.23, p = 0.001; Figure 3 ). These results corresponded to a nearly 3-fold higher number of fallen mites in October in the Italian bee colonies compared with the mite-biter colonies.
AmNrx-1 expression was significantly higher in bees from mite-biter colonies (1.2-fold) than in bees from Italian bee colonies (t = − 3.77; p < 0.0001; Figure 4 ). However, there were sig- nificant differences in the level of expression of this gene between bees of different Italian colonies (F (14,26) = 8.62; p < 0.05) and between bees of different mite-biter colonies (F (17,33) = 27.19; p < 0.05), evidencing high variability in gene expression between individual samples of both genotypes. A positive correlation was found between AmNrx-1 expression and the proportion of mutilated mites (r s = 0.27; p = 0.024; Supplementary Material, Figure S1 ). However, no significant correlation between AmNrx-1 expression and mite population growth (r s = − 0.146; p = 0.43) was found. Lastly, the proportion of colonies that survived the winter (excluding the colonies that died in September) was 0.72 for the Indiana mite-biter colonies (N = 18), which was three times higher than that of the Italian bee colonies (0.27) (N = 15).
DISCUSSION
The aim of this study was to evaluate the Indiana mite-biter honey bee stock by comparing the phenotypes of traits used in its selection procedures (proportion of mutilated mites, severity of mutilations in mites, and V. destructor population growth) with those of an unselected stock of Italian commercial bees. The mite-biter colonies had a higher proportion of mutilated mites than Italian bee colonies, indicating a selection response for this trait. The mite-biting trait has been correlated with grooming behavior in previous studies (Andino and Hunt 2011) . It has also been reported that colonies with high proportions of mutilated mites had lower infestation levels of V. destructor than colonies with low proportions of injured mites (Moosbeckhofer 1992; Mondragón et al. 2005; Guzman-Novoa et al. 2012) . Nevertheless, in a previous study, Corrêa-Marques et al. (2000) did not find significant differences in the proportion of mutilated mites between presumably V. destructor -tolerant and susceptible colonies. The discrepancies between the studies could be related to other mechanisms of tolerance to V. destructor in the colonies used by Corrêa-Marques et al. (2000) or to differences in methodologies. The proportion of mutilated mites in this study was relatively low compared to historical averages for the Indiana breeding population, which is about 0.45 (Hunt et al. 2016 ). It is Indiana "mite-biter" Italian AmNrx-1 relaƟve expression Figure 4 . Expression of AmNrx-1 relative to the reference gene AmGAPD2 (± S.E.) from a pool of 30 bee heads from 18 Indiana "mite-biter" bee colonies and 30 bee heads from 15 Italian bee colonies. Significant differences (p < 0.05, Student t test) between Indiana "mite-biter" and Italian bee colonies were found.
possible that these lower rates may have been due to environmental effects, since this trait is also influenced by environmental variables (Currie and Tahmasbi 2008) . Still, this study showed that the selected mite biter colonies had three times more mutilated mites compared to the unselected Italian colonies, which agrees with previous studies of V. destructor -resistant bee genotypes, showing higher proportions of mutilated mites than susceptible bee genotypes used as control (Rinderer et al. 2001; Guzman-Novoa et al. 2012 ).
In addition to the above, in this study, mites collected from the mite-biter colonies were more severely mutilated than mites collected from colonies of the unselected stock. Indiana mite-biter colonies have been selected for severity of mite mutilations and have shown higher survival rates and lower mite infestation levels than three commercial Carniolan queen sources (Hunt et al. 2016) , but this is the first time that the Indiana mite-biter bees have been compared with an unselected Italian stock for this trait.
Clearly, this study shows promising results towards the aim of developing V. destructor tolerance in honey bees. The incorporation of selected stock in commercial operations could represent advantages to beekeepers as it would reduce the need for acaricides and potentially increase overwinter survival. The proportion of dead colonies of the selected stock (0.28) in this study was still somewhat high although much lower than that of the Italian stock. It is possible that the survival of the selected stock may have been reduced by the presence of highly infested and collapsing Italian bee colonies that may have increased mite levels and disease in the nearby selected colonies. Nevertheless, the average overwintering loss of the breeding population at Purdue is much lower than the proportion of colony losses reported in the USA in 2017-2018 (0.31) (Bruckner et al. 2019) , despite the fact that colonies are not treated to control V. destructor .
It was found that the number of fallen mites in October and V. destructor population growth was significantly lower in colonies from the selected stock, which could have been a consequence of differences in grooming behavior between the genotypes. Grooming behavior has been associated with restrained mite population growth (Arechavaleta-Velasco and Guzmán-Novoa 2001) . Conversely, in a previous study, Moretto (2002) reported that Africanized bee colonies, presumably tolerant to V. destructor , showed a higher percentage of fallen dead mites than susceptible colonies. The discrepancies between the studies could be due to differences in methodologies as Moretto (2002) used colonies with only adult bees and no brood, and did not calculate V. destructor population growth. Thus, V. destructor population growth could be a more informative variable on V. destructor resistance than the number of fallen mites.
Variation in grooming behavior between honey bee genotypes has been previously demonstrated (Moretto et al. 1993; Guzman-Novoa et al. 2012; Rinderer et al. 2013 ), but it is not clear how high the heritability of this trait is, in part due to inconsistent results from different studies. Moretto et al. (1993) estimated a heritability index for grooming behavior of 0.71, while others have reported much lower values (0.05-0.08) (Lodesani et al. 2002; Espinosa-Montaño 2006) . These large differences in heritability for grooming behavior are likely due to differences in the methods used in the studies. For example, only Moretto et al. (1993) used direct observation to evaluate grooming behavior in bees. If the heritability for this trait is high (due to additive genetic effects), then it should be possible to select for increased grooming behavior in bee colonies. However, measuring grooming behavior in the field is labor-intensive and experience in visualizing mites' mutilation is required. Hence, the use of other markers (i.e., genes associated to the behavior) for selection could be of aid to assist breeding programs at a large scale. Arechavaleta-Velasco et al. (2012) reported 27 genes in a QTL region on chromosome 5 that were linked to grooming behavior. AmNrx-1 expression was later correlated with grooming intensity in bees from a different population (Hamiduzzaman et al. 2017) . In this study, the relative expression of AmNrx-1 in bees from Indiana mite-biter colonies was significantly higher than in unselected individuals from Italian bee colonies, suggesting effects on mite-biting as part of the bees' grooming behavior. However, relative to the reference gene, AmNrx-1 expression was low, which was not unexpected as the bees used for the analysis were randomly selected from their colonies and were not bees performing selfgrooming behavior. In addition, AmNrxn-1 is only expressed in synapses of the nervous system, which may account for generally low expression levels.
AmNrx-1 expression was positively correlated with the proportion of mutilated mites in the selected stock but it was not significantly correlated with mite population growth. However, although the correlation was not significant, it was negative as would be expected if it does have some effect on limiting mite populations. It is possible that the high variability observed in the expression of this gene within both Italian and Indiana mite-biter colonies contributed to the non-significant correlation with mite population growth. The variation in AmNrx-1 expression could be related to the random selection of honey bees from their respective colonies. Perhaps if bees performing selfgrooming behavior had been used for the analysis the correlation could have been significant. Thus, more data is needed to test for a causal link between AmNrx-1 expression, behavior, and mite population growth. If a significant relationship is found, DNA sequence within this gene could be used as a marker to assist in selecting for tolerance to V. destructor in honey bee breeding programs.
This study provides evidence that selection for mite-biting behavior reduces V. destructor infestations, increases colony survival, and increases the expression of a grooming behavior associated gene. Further studies are warranted to confirm the validity of using AmNrx-1 as a potential marker to breed for resistance against V. destructor .
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